Microglia, the immune regulatory and inflammatory cells of the central nervous system (CNS), can be activated in response to a variety of neurodegenerative and neuroinflammatory conditions. Activation of microglia results in the production of proinflammatory materials such as tumor necrosis factor-a (TNF-a), interleukin-1 and 6, reactive oxygen species (ROS), and nitric oxide (NO) in response to injury. [1] [2] [3] [4] Large amounts of NO produced by inducible nitric oxide synthase (iNOS) can rapidly react with superoxide anion radical (· O 2 Ϫ ) to produce peroxynitrite anion (ONOO Ϫ ). 5, 6) These reactive nitrogen species might be involved in the pathogenesis of various neurodegenerative diseases such as Alzheimer's disease, Parkinson's disease and ischemia. 7) As a neuromodulator in CNS, NO participates in brain development, pain perception, memory, neuronal plasticity and behavior.
These reactive nitrogen species might be involved in the pathogenesis of various neurodegenerative diseases such as Alzheimer's disease, Parkinson's disease and ischemia. 7) As a neuromodulator in CNS, NO participates in brain development, pain perception, memory, neuronal plasticity and behavior. 8) The excessive amounts of NO has been observed in damaged tissues associated with type I diabetes, arthritis, or nephritis, 9) suggesting that deregulation of iNOS expression is linked to many diseases. The expression and activity of iNOS are increased in chronic diseases, such as inflammation or cancer. 10) Generally the iNOS along with the release of NO by microglia contributes to progress neurodegeneration and aggravate diseases. Therefore, the inhibitors of NO production may have beneficial therapeutic effects in the treatment of diverse diseases.
In order to find new iNOS inhibitors from medicinal plants, we have screened inhibitory activity of NO production in lipopolysaccharide (LPS)-activated BV-2 mouse microglial cells. The methanol extract of Psoralea corylifolia L. (Fabaceae) showed remarkable inhibitory effects on NO production. The seeds of P. corylifolia have been used traditionally for the treatment of stomachic, deobstruent, anthelmintic, diuretic, vitiligo and certain skin diseases. 11, 12) Several reports revealed that its seeds contain antimutagenic coumarins, antioxidants, antibacterial and antiplatelet flavonoids. [13] [14] [15] [16] This article describes the identification of two prenylflavonoids from Psoralea corylifolia and their inhibitory activity of NO production in LPS-activated microglial cells.
MATERIALS AND METHODS

Plant Materials
The dried seeds of Psoralea corylifolia were purchased from the Kyungdong oriental drug market in Seoul, Korea and authenticated by Prof. T. H. Kim at the College of Pharmacy, Sookmyung Women's University. A voucher specimen (No. SPH 04005) was deposited in the herbarium of the Sookmyung Women's University. The plant materials (540 g) were extracted three times with MeOH and the combined extracts (130 g) were successively partitioned with n-hexane, EtOAc and BuOH.
The EtOAc soluble fraction (53 g) was subjected to silica gel column chromatography eluting with an n-hexane-EtOAc gradient system (50 : 1-1 : 5) to afford active fractions A 1 (0.8 g) and A 2 (3.6 g). Repeated silica gel column chromatography of fraction A 1 with a gradient elution of n-hexaneEtOAc (30 : 1-1 : 1) to give an active sub-fraction A 1-1 (402 mg), which was further purified by preparative MPLC (RP-C18 column, 80% MeOH as eluent) to yield compounds 2 (22 mg) and 4 (44 mg). The chromatography of active fraction A 2 on silica gel with a gradient elution of CH 2 Cl 2 -EtOAc (70 : 1-1 : 1) to give an active sub-fraction A 2-2 (0.8 g), which was further purified by preparative MPLC (RP-C18 column, 80% MeOH as eluent) to yield compounds 1 (78 mg) and 3 (173 mg).
The purity of compounds 1-4 were evaluated by HPLC analysis (m-Bondapak C18 column, 3.9ϫ300 mm; 1.0 ml/ min; UV 254 nm) eluting as a single peak for compounds 1 and 3 at 8 and 11 min (80% MeOH as eluent), for compounds 2 and 4 at 11 and 15 min (85% MeOH as eluent), re-spectively.
A Chromenoflavanone [7,8- Cell Culture Murine microglial cell line (BV-2) was obtained from American Type Culture Collection (Rockville, MD, U.S.A.). Cells were cultured in DMEM containing 10% fetal bovine serum, 2 mM glutamine, 1 mM pyruvate, penicillin (100 U/ml) and streptomycin (10 mg/ml). BV-2 cells were seeded at 1ϫ10 5 cells/ml in 48 well plates and were activated by incubation in medium containing LPS (0.1 mg/ml, Escherichia coli, 0127:B8, Sigma, St. Louis, MO, U.S.A.) and various concentrations of test compounds dissolved in DMSO (0.1% final concentration in media). The supernatant was collected as a source of secreted NO.
Nitrite Assay Cells were incubated with medium containing LPS (0.1 mg/ml) in the presence or absence of various concentrations of test compounds for 20 h. NO released from BV-2 cells was assessed by determination of NO 2 Ϫ concentration in culture supernatant based on the Griess reaction. 17) Briefly, samples (100 ml) of culture media were incubated with an 150 ml of Griess reagent (1% sulfanilamide, 0.1% naphthylethylene diamine in 2.5% phosphoric acid solution) at room temperature for 10 min in 96-well microplate. Absorbance at 540 nm was read using an ELISA plate reader. Standard calibration curves were prepared using sodium nitrite as standard.
Western Blot Analysis The cells were rinsed with phosphate buffered saline and lysed by boiling with lysis buffer (1% SDS, 1.0 mM sod. vanadate, 10 mM Tris, pH 7.4) for 5 min. Total protein (10 mg) of cell lysates was applied on SDS-polyacrylamide gels and transferred to PVDF membrane by the standard method. The membrane was probed with antibody for anti-mouse iNOS (Transduction Laboratories, Lexington, KY, U.S.A.), anti-I-kB-a (Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.) and anti-b-actin (Sigma, St. Louis, MO, U.S.A.). The Western blot was visualized using an enhanced chemiluminescence detection kit (Amersham Bioscience, Piscataway, NJ, U.S.A.) according to the manufacturer's instruction.
Reverse Transcription and Polymerase Chain Reaction (RT-PCR) BV-2 cells were treated with and without test compounds together with LPS (0.1 mg/ml) for 4 h. The whole RNA was isolated with TRIzol ® reagent (Invitrogen, Carlsbad, CA, U.S.A.). Each RNA extract (2 mg) was reverse-transcribed into cDNA using superscript II reverse transcriptase (Invitrogen, Carlsbad, CA U.S.A.). PCR was performed in 25 ml of a solution containing Go Taq TM DNA polymerase (Promega, Madison, WI, U.S.A.), iNOS primer, b-actin primer, and RT products. The sense and antisense oligonucleotides for iNOS were 5Ј-CCCTTCCGAAGTTTCTGGC-AGCAGC-3Ј and 5Ј-GGCTGTCAGAGCCTCGTGGCTTT-GG-3Ј, respectively. The sense and antisense primers for bactin were 5Ј-TGTGATGGTGGGAATGGGTCAG-3Ј and 5Ј-TTTGATGTCACGCACGATTTCC-3Ј, respectively. After preincubation for 3 min at 94°C, 26 cycles of amplification (94°C for 1 min, 64°C for 1 min and 72°C for 1 min) were performed and b-actin was used for an internal control. Each PCR reaction was analyzed by 1% agarose gel electrophoresis in Tris acetate-EDTA buffer and stained with ethidium bromide.
Statistics The results were expressed as meanϮS.D. of three experiments. One-way ANOVA followed by Dunnett's t-test and Student's t-test were used for statistical analysis of the results, and a p value of Ͻ0.05 was considered to indicate a significant difference.
RESULTS
The MeOH extracts of P. corylifolia were subjected to sequential solvent fractionations with increment of polarity to yield n-hexane, EtOAc and BuOH soluble fractions. For the activity-guided purification, BV-2 cells were stimulated with 0.1 mg/ml of LPS in the presence of test samples for 20 h, and the amounts of NO released into culture media were determined by the Griess method.
17) The treatment of EtOAc soluble fraction (30 mg/ml) into the cells reduced the production of NO to 0.9Ϯ0.3 mM, while that of LPS control was 28.1Ϯ0.9 mM. Compounds 1-4 were isolated from the EtOAc soluble fraction of P. corylifolia through the several steps of silica gel column chromatography and preparative reverse phase MPLC. The purity of the purified compounds was assessed by reverse phase HPLC analysis and NMR spectrum.
From the NMR spectra of 1 and 3, we found overall spectral pattern of typical flavanone. An ABX spin system assignable to H 2 -3 and H-2 of flavanone were found in 1 H-NMR spectrum, and one oxymethine (C-2), one methylene (C-3) and one carbonyl (C-4) carbons were found in 13 C-NMR spectrum, respectively. The signals of the isoprenyl (g,gЈ-dimethylallyl) groups in 3 and 4 were clearly observed in NMR spectra.
18) The position of isoprenyl groups of 3 and 4 were confirmed by the correlation between H-1Љ and ipso and two ortho carbons of ring A in HMBC spectrum. The gem-dimethylpyran moiety of 1 was linked to the C-6 by the correlation between H-4Љ (d 6.32) and C-5, 6, 7 (d 124.6, 116.0, 163.4) in HMBC spectrum. The gem-dimethylpyran moiety of 2 was linked to the C-3 by the correlation between the H-4Љ (d 6.75) and C-2 (d 159.7) in HMBC spectrum. On the basis of above evidences and comparison of the reported spectral data, 15, 18) the structures were identified as a chromenoflavanone [7,8- dihydro-8-(4-hydroxyphenyl)-2,2-dimethyl-2H,6H-benzo-(1,2-b:5,4-bЈ)dipyran-6-one] (1), 4-hydroxylonchocarpin (2), bavachinin (3) and bavachalcone (4) (Fig. 1) . Compound 2 reported from Lonchocarpus neuroscapha BENTH 19) was isolated for the first time from this plant. Copies of original spectra are obtainable from the author of correspondence.
As shown in Fig. 2 , compounds 1 and 2 inhibited LPS-induced NO production in a dose dependent manner. The concentrations required for inhibiting the production of NO by 50% (IC 50 value) was calculated on the basis of concentrations of nitrite released into the culture media. The IC 50 values of active compounds 1 and 2 were 11.4, 10.2 mM, respectively. Under the experimental conditions described above, no cytotoxic effects were observed at the concentrations for the nitrite assay. Compound 3 showed a significant cytotoxicity against microglia at 10 mM (15.3Ϯ2.5% viability compared with untreated control group) in MTT assay. 20) Western blot analysis was performed to clarify the underlying mechanism of 1 and 2 for the NO production in LPSactivated microglia (Fig. 3) The results of RT-PCR analysis also showed that compounds 1 and 2 significantly inhibited the expression of iNOS mRNA in LPS-activated microglia. The amounts of mRNA expression were quantitated from the volume intensity of the bands corresponding to iNOS (456 bp) and b-actin mRNA (540 bp) in agarose gels. We determined the degree of inhibition using the intensity ratio of iNOS to b-actin for the adjustment of minor differences in RT efficiency among the samples. Compounds 1 and 2 showed significant suppression of mRNA expression at 10 mM (Fig. 4) .
To elucidate the further mechanism of 1 and 2 for the inhibition of iNOS in microglia, we determined the effects of 1 and 2 on the level of I-kB-a in LPS-activated microglia. The gene expression of iNOS can be modulated by nuclear factor-kB (NF-kB) 21 ) that can be activated by the degradation of inhibitory-kB (I-kB). The I-kB-a was fully degraded by 30 min incubation of LPS (0.1 mg/ml), and regenerated gradually afterwards (Fig. 5A ). As shown in Fig. 5B , pretreatment of 1 and 2 suppressed the degradation of I-kB-a protein in LPS-induced microglia.
DISCUSSION
NO participates in the regulation of diverse physiological processes in CNS. But, the excessive NO acts as neurotoxic mediator and results in neurological diseases.
8) The activated microglia is the main source of NO production in CNS injury and inflammation condition. In activated microglial/neuronal cell cocultures, NO is the principal source of neurotoxic free radical through the oxidative stress and activation of caspases. 22, 23) The expression of iNOS can be induced by bamyloid in neuronal cell culture systems, [24] [25] [26] and the over expression of iNOS was reported in the brains of Alzheimer's disease patients. 27, 28) Thus, the inhibition of NO production would provide the therapeutic strategy for the treatment of oxidative neuronal diseases. 8) In the course of our search for NO inhibitors from medicinal plants, we purified two inhibitors (1, 2) of LPS-induced NO production in microglia from Psoralea corylifolia together with two inactive compounds (3, 4). Compounds 2 and 4 have chalcone skeleton, and 1 and 3 are dihydro flavone derivatives. In the structures of 3 and 4, one prenyl group was linked to 6-position of A-ring, while 1 and 2 has D-ring (gem-dimethylpyran) that was formed by the cyclization of prenyl groups. Interestingly, compounds with gem-dimethylpyran moiety (1, 2) showed inhibitory activity of NO production, while 3 showed cytotoxicity against microglia. There are several bioactive structures with gem-dimethylpyran that showed cytotoxicity against cancer cells 18) or inhibitory activity of NO production in activated murine macrophages. 29) The difference in the skeleton between flavone and chalcone did not show a big difference in activity potency. A meroterpenoid, bakuchiol from Psoralea corylifolia was reported as an inhibitor of iNOS in LPS-activated murine macrophages. 30) In order to reveal the mechanism for the inhibition of NO production, we analyzed the effects of 1 and 2 on the expression level of protein and mRNA of iNOS in LPS-activated microglia. Like the most of the flavonoids as iNOS inhibitors, 31, 32) 1 and 2 suppressed the expression of iNOS protein and mRNA dose dependently. Since the activation of NF-kB has been known to be important for iNOS induction, 21) we examined the effects of 1 and 2 on the I-kB-a. The NF-kB can be activated by the degradation of I-kB through the phosphorylation 33) by the LPS activation of cells. Inhibitors 1 and 2 derived from P. corylifolia regenerated the degraded I-kB-a, resulting in the inhibition of iNOS expression. These activities could be extrapolated to the inhibition of other inflammatory mediators such as cyclooxygenase-2 and TNF-a whose levels are also regulated by NF-kB pathway. The further activity mechanism and the permeability of blood-brain barrier of the active compounds should be investigated for the successful drug development for CNS.
Microglia are resident macrophage-like cells that play a role in host defense and tissue repair in CNS. 34) However, activated microglia play a pivotal role in the amplification of inflammation and mediation of cellular degeneration. 35 ) NO released from activated microglia participates in the process of neuronal cell death through DNA damage, mitochondrial disruption and induction of apoptosis. Therefore, the inhibitors of iNOS expression may have beneficial effects in the treatment of neuro-inflammatory diseases.
In summary, two prenylflavonoids, a chromenoflavanone [7,8-dihydro-8 -(4-hydroxyphenyl)-2,2-dimethyl-2H,6H-benzo-(1,2-b:5,4-bЈ)dipyran-6-one] (1) and 4-hydroxylonchocarpin (2) were identified from Psoralea corylifolia as new inhibitors of NO production in LPS-activated microglia. They exerted their activity through the inhibition of I-kB-a degradation and subsequent suppression of protein and mRNA expression of iNOS. These results imply that Psoralea corylifolia may have beneficial effects in the treatment of NO-mediated neuro-inflammatory diseases through the inhibition of overproduction of NO by prenylflavonoids.
